Shiga toxin (Stx)-producing enterohemorrhagic Escherichia coli strains of serotype O157:H7 cause hemorrhagic colitis, which is often followed by hemolytic-uremic syndrome (HUS) and/or acute encephalopathy (8, 12) . Stx plays a critical role in the pathogenesis of diarrhea caused by Stx-producing E. coli O157:H7, which has been demonstrated by several animal studies (13, 23, 33, 35) . However, the pathogenesis of these severe combined diseases is not well understood. Based on several experimental findings (2, 26) , one possible mechanism for the development of such complications has been proposed: Stx produced by E. coli O157:H7 hematogenously disseminates from the gut to the kidney (36) or the brain (32) .
Our previous study (16) showed that when mice with protein calorie malnutrition (PCM) by feeding on a low-protein diet were infected intragastrically with a clinical isolate of Stxproducing E. coli O157:H7, they died from brain damage but not from renal damage. In only mice developing neurologic symptoms, Stx was detectable in the blood, and immunoreactions of Stx were demonstrated in the brain tissues by immunocytochemical staining. Such findings may support the assumption that Stx hematogenously enters the brain. Since the enhanced susceptibility of mice with PCM to Stx-producing E. coli O157:H7 is explained by the nondevelopment of an intestinal physical barrier (16) , a relatively large amount of Stx may be absorbed into the bloodstream in such animals compared to well-nourished ones. However, the mechanism whereby Stx enters the central nervous system (CNS) from the bloodstream is not known.
Stx is known to induce apoptosis in group I Burkitt's lymphoma (20) and a subset of germinal center B cells (30) expressing Gb3/CD77 as a functional receptor for Stx. Moreover, Fujii et al. (2) have reported that Stx exhibits a direct effect on brain nerve cells and also demonstrated (3, 4) that in rabbits Stx2 may leak from the bloodstream into the cerebrospinal fluid, which leads to an increase in the paracellular permeability through the blood-brain barrier (BBB) around the third ventricle. If this is the case, Stx must first injure the vascular endothelium in order to enter the CNS. However, vascular endothelial cells, unlike Vero cells, are resistant to Stx cytotoxicity (31) . Moreover, it was demonstrated that tumor necrosis factor alpha (TNF-␣) could induce apoptosis in endothelial cells in the presence of inhibitors of protein synthesis (25, 39) , although normally this cytokine does not injure endothelial cells (24) . In addition, many investigators have shown that cooperation between Stx and inflammatory cytokines including interleukin (IL)-1␤ (14, 18) and TNF-␣ (9, 11, 18) are involved in injury of vascular endothelial cells and in eliciting the pathologic changes in HUS. Since Stx is a strong protein synthesis inhibitor for cells expressing Gb3/CD77, we speculated that Stx may potentiate TNF-␣-induced apoptosis in vascular endothelial cells.
Thus, the aim of this study was to examine how inflammatory cytokines and Stx exert the synergistic effect on injury of vascular endothelial cells and also to determine whether infection with Stx-producing E. coli O157:H7 causes apoptosis in the mouse brain. In addition, we attempted to demonstrate the presence of Stx receptors in mouse brain tissues. Results ob-tained here support the concept that hematogenously disseminated Stx causes damage to the vascular endothelium in cooperation with circulating TNF-␣ and leaks into the cerebrospinal fluid. In this pathogenic process, TNF-␣ accelerates the intracellular processing of Stx, which in turn, may potentiate TNF-␣-induced apoptosis in vascular endothelial cells. Furthermore, such a synergistic effect may occur in the brain, since TNF-␣ production and functional receptors for Stx were found in brain extracts.
MATERIALS AND METHODS
Microorganisms. E. coli O157:H7 strain Sm r N-9, which is resistant to streptomycin (100 g/ml) and is able to produce Stx1 and -2, was used (16) . E. coli NP-4 isolated from the stool of a healthy adult was used as a control strain (16) . Both strains were preserved in gelatin-charcoal disks at Ϫ20°C. Before use, one of the preserved disks was dissolved in 1 ml of tryptic soy broth (Difco Laboratories, Detroit, Mich.), and 100 l of this bacterial suspension was inoculated into 10 ml of fresh tryptic soy broth. For infection study, bacteria were harvested by centrifugation from broth culture after growth overnight at 37°C, washed, and resuspended in sterile phosphate-buffered saline (PBS; 10 mM, pH 7.2) at a concentration of 2 ϫ 10 7 CFU/ml. Mouse infection. Specific-pathogen-free, 3-week-old female C57BL/6 mice that had been weaned were purchased from Charles River (Tokyo, Japan). Animals were fed a low-protein diet (5% protein) (Oriental Bio Service Inc., Kyoto, Japan) for 2 weeks to achieve PCM as described previously (16) .
Mice 5 weeks of age were infected intragastrically with 2 ϫ 10 6 CFU of strain Sm r N-9 in a volume of 0.1 ml through a stainless steel catheter with a blunt end (outer diameter, 0.45 mm; Natsume Seisakusyo Co., Tokyo, Japan). Mice were neither fasted nor treated with streptomycin prior to infection, and they were fed the low-protein diet even after infection.
Extraction of neutral glycolipids from mouse brains. The brain was removed from the bony skeleton after mice were sacrificed by intravenous injection of pentobarbital at 0.5 ml/kg of body weight. Brains obtained from three mice were washed in saline and homogenized in 5 ml of chloroform-methanol (2:1, vol/vol) by vigorous vortexing and sonication. The homogenate was heated at 60°C for 1 h and centrifuged at 2,000 ϫ g for 20 min. The supernatant of chloroform-methanol was collected, and cell residue was reextracted with chloroform-methanol and centrifuged. These two extracts were combined and evaporated to dryness under a stream of nitrogen. The residue was heated at 60°C for 1 h in chloroform-methanol (2:1, 1:1, and then 1:2) and centrifuged. The supernatant of chloroform-methanol (total lipid extract) was collected and dried under a stream of nitrogen. This extract was then partitioned into aqueous and organic fractions with diisopropyl ether-1-butanol-100 mM NaCl (6:5:4, vol/vol/vol) by a modification of the technique of Ladisch and Gillard (17) . The fractions were dried, and the aqueous fraction was resuspended in chloroform-methanol-water (1:10: 10, vol/vol/vol). To remove salts and water-soluble contaminants, reversed-phase chromatography was performed on RP 18 cartridges (Waters Associates, Milford, Mass.) (15) . The desalted extract was separated into acidic and neutral fractions by chromatography on a column of DEAE-Sephadex A-25 (Pharmacia Biotechnology, Tokyo, Japan) (15, 27) . Neutral fractions eluted with chloroform-methanol-water (30:60:8, vol/vol/vol) from the DEAE column were evaporated to dryness. Then dried materials were dissolved in a minimum amount of chloroform and incubated at 40°C for 30 min after addition of 6 N NH 4 OH in methanol. After incubation, treated samples were dried, dissolved in chloroformmethanol (2:1, vol/vol), and used as the brain neutral glycolipid extract.
In situ DNA fragmentation analysis. DNA fragmentation was determined by the in situ TUNEL (terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling) technique (6), which is based on the specific binding of TdT to 3Ј-OH ends of DNA. For this assay, frozen sections of mouse brains obtained at 10 days postinfection and formalin-fixed monolayers of cultured human umbilical venous endothelial cells (HUVEC) were used. Frozen sections (3 m thick) of brains or formalin-fixed HUVEC monolayers were treated with proteinase K (Boehringer Mannheim, Indianapolis, Ind.) at a concentration of 20 g/ml for 20 min, rinsed, blocked with 1% bovine serum albumin and 0.003% Triton X-100 in 10 mM PBS for 30 min at room temperature, and then rinsed again. These treated preparations were immersed in TdT (0.5 U/l) and 1 mM biotin-16-dUTP in reaction buffer (Boehringer Mannheim) and incubated in a humid atmosphere at 37°C for 1 h. The reaction was stopped with termination buffer (300 mM NaCl, 30 mM sodium citrate [pH 7.2]). These sections were washed with distilled water, blocked with 2% bovine serum albumin in PBS for 10 min, rinsed again with distilled water, immersed in PBS for 5 min at room temperature, and then incubated with an avidin-peroxidase complex TLC-blot analysis. Brain neutral glycolipids were spotted onto two Silica Gel 60 high-performance thin-layer chromatography (TLC) plates (0.2 mm thick; Merck AG, Darmstadt, Germany) and were developed in chloroform-methanolwater (65:25:4, vol/vol/vol) to 7 cm from the origin. TLC standards of neutral glycolipids (Accurate Chemical & Scientific Corporation, Westbury, Conn.) were used as reference. After chromatographic separation, the plates were dried, and one of them was sprayed with orcinol reagent (Sigma) to identify each glycolipid in brain samples and standard preparations. For immunoblotting, the other plate was coated with 0.1% polyisobutyl-methacrylate (Polyscience, Warrington, Pa.), air dried, and sprayed with 20 mM Tris-HCl-150 mM NaCl-5 mM MgCl 2 -0.15 mM CaCl 2 (pH 7.4) (TNMC). The plate was covered with a polyvinylidene difluoride (PVDF) membrane (Atto Co. Ltd., Tokyo, Japan) and then glass membrane filters (GF/A, Whatman Paper Ltd., Maidstone, United Kingdom). This assembly was pressed with an electric iron at 180°C for 30 s. The blot membrane was dried, rehydrated by being placed on the surface of TNMC, and then incubated with 10% horse serum in TNMC for 1 h at 37°C to block excess binding capacity.
Immunodetection. To examine Gb3, the blot membrane was washed with TNMC after blocking and overlaid with an anti-P k monoclonal antibody (MAb) (specificity, Gal␣ 1-4Gal ␤1-4 Glc␤1-1Cer moiety of Gb3; isotype, murine immunoglobulin M [IgM]) (Accurate Chemical & Scientific Corporation) (1) diluted 1:8 in 10% horse serum in TNMC. After overnight incubation at 4°C, the membrane was washed five times with TNMC and then incubated for 1 h with a 1:100 dilution of peroxidase-conjugated goat anti-mouse IgM F(abЈ) 2 (Organon Teknika, Durham, N.C.). The membrane was washed five times with TNMC, and the color reaction was performed with DAB-H 2 O 2 .
The glycolipids to which Stx2 bound were detected on the blot membrane as follows. After blocking, the blot membrane was overlaid with TNMC containing Stx2 (1 g/ml) purified by the method of Yutsudo et al. (39) and incubated at 37°C for 30 min. After incubation, the membrane was washed five times with TNMC and overlaid with a murine MAb to Stx2 (IgG class; 1 g/ml; Toxin Technology, Inc., Sarasota, Fla.) at 4°C overnight. Then the membrane was washed and treated for 1 h at 37°C with a 1:200 dilution of biotinylated anti-mouse IgG F(abЈ) 2 (Organon Teknika). Thereafter, the membrane was incubated with an avidin-peroxidase complex (Boehringer Mannheim) diluted 1:600 in TNMC for 30 min at 37°C. The color reaction was performed with DAB-H 2 O 2 .
Cytokine assay. IL-1␤, IL-6, IL-10, and TNF-␣ in brain homogenates and serum were quantified by enzyme-linked immunoassay (EIA) using commercially available kits (Genzyme, Cambridge, Mass.). Whole brains were removed from mice killed by exsanguination and were minced in 10 mM phosphate buffer (pH 7.2) containing 0.5 mM phenylmethylsulfonyl fluoride (Sigma) and 0.05% Triton X-100. Then they were homogenized with a sonicator (Tomy Handy Sonicator; Tomy Seiko Co. Ltd., Tokyo, Japan) at 4°C. These homogenates were centrifuged at 30,000 ϫ g for 20 min, and supernatants were collected for cytokine assay. A standard curve for each cytokine was constructed with the appropriate recombinant murine cytokine (Genzyme) incorporated into normal mouse serum or brain extract. For measurement of serum cytokines at each time point, serum was collected from three mice, and individual samples were divided into three 100-l aliquots. Data were obtained from three different experiments. With these EIA kits, the limits of detection for IL-1␤, IL-6, IL-10, and TNF-␣ in serum were 15, 18, 13, and 14 pg/ml, respectively. The limit of detection for cytokines in brain extracts was 30 pg/100 mg of protein, irrespective of the cytokine used for measurement. The protein content of each homogenate was determined by the dye-binding assay using a DC protein assay kit (Bio-Rad Laboratories, Hercules, Calif.).
Measurement of Stx antigen. Stx levels in the blood were determined with an EIA kit (Premier EHEC; Meridian Diagnostic, Inc., Cincinnati, Ohio) as described previously (16) . Blood was obtained from the ophthalmic arteries of infected mice. Serum was separated from clotted blood by centrifugation and then concentrated 20-fold by ultrafiltration before assay. Twenty microliters of each concentrated serum sample was mixed with 4 volumes of the sample dilution buffer, and then 100 l of each mixture was assayed with the EIA kit reagents. A standard curve was constructed with the purified Stx1 incorporated into normal mouse serum, and results were expressed as Stx1 amounts (picograms) per milliliter of neat serum (16) . With this EIA kit, the limit of detection for Stx1 was 20 pg/ml of neat serum.
Labeling of Stx2 with fluorescent dye. Lyophilized Stx2 was dissolved at a concentration of 1.2 mg/ml in 200 l of PBS and labeled with Oregon Green 488 (37), using a FluoReporter protein labeling kit (F-6153; Molecular Probes, Inc., Eugene, Oreg.). Labeling was done exactly as instructed by the manufacturer. The molar ratio of Oregon Green 488 to Stx2 was 20, and the fluorescent dye-Stx2 conjugate was recovered using a spin column provided by the manufacturer. The labeled Stx2 was dialyzed against PBS, and the final labeled preparation was confirmed to retain the same degree of verocytotoxicity as the unlabeled material.
Determination of uptake of Stx2 by HUVEC. HUVEC were purchased from Dainipon Pharmaceutical Co. (Tokyo, Japan). Basal culture medium was alpha minimal essential medium (GIBCO, Grand Island, N.Y.) with 20% heat-inactivated fetal bovine serum (HyClone Laboratories, Logan, Utah), 100 g of heparin (Sigma) per ml, 50 U of penicillin per ml, and 50 g of streptomycin per ml (defined as complete medium [CM] ). HUVEC were suspended at a concentration of 10 3 /ml in CM supplemented with 10 l of bovine retinal extract per ml (CM-BRE) prepared as described previously (7, 29) . HUVEC were seeded in culture dishes (6-cm diameter; Falcon; Becton Dickinson Labware, Oxnard, Calif.) coated with human fibronectin (1 g/cm 2 ) and incubated at 37°C in humidified 5% CO 2 .
The cells were fed every other day with fresh CM-BRE and were detached with a mixture of 0.5% collagenase S-1 (Nitta Gelatin, Osaka, Japan) and 0.02% EDTA in Ca 2ϩ -and Mg 2ϩ -free balanced salt solution when the culture became subconfluent. Washed detached cells were distributed into fibronectin-coated chambers of Lab-Tek chamber slides (eight-chamber type; Nunc Inc., Naperville, Ill.) at a concentration of 5 ϫ 10 4 per chamber in a volume of 400 l of CM-BRE. After 12 h of incubation, fluorescent dye-labeled Stx2 was added to each chamber at a concentration of 100 ng/ml. This dose of the labeled toxin was equivalent to about 10 5 CD 50 , where CD 50 is defined as the dose required for 50% death of Vero cells. After 12 and 24 h, cell monolayers were washed three times with PBS before microscopic observation. Fifty randomly selected HUVEC were observed under an Olympus (Tokyo, Japan) BX50 fluorescence microscope. The intensity of fluorescence per cell was quantified with a computer-assisted confocal laser microscope (InSIGHT plus-IQ; Meridian Instruments Inc., Okemos, Mich.) as described elsewhere (10, 31) , and the mean intensity per cell was determined by measuring the fluorescence intensity of 50 individual cells in three different fields on a slide.
Synergistic effect of cytokines and Stx2 on cell damage to HUVEC. Purified Stx2 was added at a final concentration of 100 ng/ml to HUVEC monolayers in the presence or absence of human recombinant TNF-␣, IL-1␤, or IL-6 (Genzyme). Incubation was carried out at 37°C for 72 in 5% CO 2 , and the number of apoptotic cells was determined by the TUNEL method. The optimal doses of these three cytokines were initially determined by their ability to stimulate HUVEC to release soluble intercellular adhesion molecule I (sICAM-1) without cell damage twice as much as unstimulated cells produce in culture supernatants: 20 U of TNF-␣ per ml, 15 U of IL-1␤ per ml, and 35 U of IL-6 per ml, respectively. A human sICAM-1 EIA kit (Endogen, Woburn, Mass.) was used to measure sICAM-1 in culture supernatants. Anti-Stx2 MAb (Toxin Technology) and anti-human TNF-␣ MAb (Genzyme) were used to neutralize the activity of Stx2 and TNF-␣, respectively.
Cytotoxicity was determined by measuring lactate dehydrogenase (LDH) in culture supernatants with a nonradioactive cytotoxicity assay kit (Cell Titer 96 aqueous nonradioactive cell proliferation assay; Promega Corporation, Madison, Wis.). HUVEC (10 5 cells) in 100 l of CM-BRE, devoid of phenol red, were distributed into fibronectin-coated wells of 24-well culture plates. After 2 h of incubation, Stx2 and/or cytokines were added, and cytotoxic assay was performed 72 h later. Percent cytotoxicity was expressed as {(experimental Ϫ target spontaneous-background)/(target maximum Ϫ target spontaneous-background)} ϫ 100. Maximum LDH release from target HUVEC was determined after complete lysis of the cells with 0.8% Triton X-100.
To confirm the nucleosomal ladder pattern of DNA degradation in HUVEC, DNA was extracted from the cells cultured in 24-well culture plates at 48 h of incubation using a DNA extraction kit (Stratagene, La Jolla, Calif.). Precipitated DNA was air dried and suspended in 10 mM Tris-1 mM EDTA, pH 7.4. The DNA solution was subjected to conventional electrophoresis (2% agarose for 1.5 h at 10 V/cm). DNA was visualized with ethidium bromide.
Sequential treatment of HUVEC with Stx2 and TNF-␣. HUVEC monolayers were pulsed with either Stx2 (100 ng/ml) or TNF-␣ (20 U/ml) and incubated at 37°C for 6 h in 5% CO 2 . At the end of pulsing, monolayers were washed four times with CM-BRE. Thereafter, TNF-␣ (20 U/ml) was added to the monolayers pulsed with Stx2, and Stx2 (100 ng/ml) was added to those pulsed with TNF-␣. After 42 h of incubation, TUNEL assay was performed. Monolayers of HUVEC incubated with Stx2 (100 ng/ml) and TNF-␣ (20 U/ml) for 48 h were used as a positive control, and 44.9% Ϯ 6.4% (mean Ϯ standard deviation [SD]) of cultured cells became TUNEL positive.
Statistics. The significance of differences observed was assessed by the Kruskal-Wallis one-way analysis of variance in comparison of percentage of TUNEL-positive cells, cytotoxicity, and fluorescence intensity. P Ͻ 0.05 was considered significant.
RESULTS
Measurement of Stx and cytokines in mouse serum. Stx was elevated to detectable levels in the serum from days 3 through 5 when PCM mice were infected intragastrically with 2 ϫ 10 6 CFU of strain Sm r N-9 (Fig. 1) ; serum levels peaked at day 4 (mean, 34.8 Ϯ 4.6 pg/ml). In contrast, Stx was not detected from days 1 through 8 in well-nourished mice inoculated with the same dose of Sm r N-9. Among cytokines, TNF-␣ was first elevated to detectable levels in the sera of PCM mice at day 2 (mean, 135.2 Ϯ 40.2 pg/ml); the peak serum level was as much as 300 pg/ml. Thereafter, serum levels of TNF-␣ decreased gradually over 4 days. On the other hand, the IL-10 level slowly increased in the sera of infected PCM mice. In contrast, serum IL-1␤ levels remained lower than the limit of detection from days 1 through 8. None of these cytokines was detected in the sera of PCM mice after infection with 2 ϫ 10 6 CFU of E. coli NP-4. In addition, neither Stx, TNF-␣, IL-1␤, nor IL-10 was detected in the sera of well-nourished mice inoculated with 2 ϫ 10 6 CFU of Sm r N-9 from days 1 through 8. Determination of cytokine levels in the brain. Cytokine levels in the brain tissues of infected PCM mice were measured at 3 and 6 days after infection. Only TNF-␣ was detected (54 Ϯ 25 pg per 100 mg of tissue protein) in the brain tissues of PCM mice at 3 days postinfection: there was no TNF-␣ response in the brain during the first 2 days of infection. Levels of TNF-␣ in the brain were increased approximately by twofold (98 Ϯ 34 pg per 100 mg of tissue protein) at 6 days after infection. Among other cytokines, only IL-10 was measurable in the brain tissues of infected PCM mice at 6 days postinfection (45 Ϯ 9 pg per 100 mg of tissue protein), but neither IL-1␤ nor IL-6 was detected on days 3 and 6 of infection. Neither PCM mice given 2 ϫ 10 6 CFU of E. coli NP-4 nor well-nourished mice infected with the same dose of Sm r N-9 showed cytokine responses in the brain.
Detection of Stx receptors in the brain. To test for the presence of Stx-binding glycolipids (Gb3) in the mouse brain, neutral glycolipid extracts of brain tissues were prepared, separated by TLC (Fig. 2, lane B) , and compared to TLC of standard neutral glycolipids (lane A). Gb3 was identified by TLC-blot assay using an anti-P k MAb recognizing the specific epitope of Gb3. Immunostaining demonstrated the presence of glycolipids recognized by an anti-P k MAb in the brain neutral glycolipid fraction (lane D) and the standard neutral glycolipids (lane C). In addition, a TLC-blotted PVDF membrane (the same as used for lane D) was incubated with the purified Stx2, and the glycolipid-Stx complexes were identified by immuno-FIG. 1. Serum levels of Stx, IL-10, and TNF-␣ after intragastric inoculation of 2 ϫ 10 6 CFU of Sm r N-9 in PCM mice. Data were obtained from five different experiments, each using three mice. Each point represents the mean value of 15 determinants, and bars indicate SD. g, P Ͻ 0.05 compared to days 2 and 3; gg, P Ͻ 0.05 compared to days 2, 5, and 6 but not significant compared to day 4; ggg, P Ͻ 0.01 compared to days 3 and 7, and P Ͻ 0.05 compared to days 4, but not significant compared to day 6; UD, undetectable levels.
staining with an anti-Stx2 MAb (lane E) at the position corresponding to Gb3 on the TLC-blotted membrane as seen in lanes C and D.
Apoptosis in the brain after infection. Frozen sections of brain tissues from six PCM mice infected with Sm r N-9 were prepared for in situ TUNEL experiments at 10 days postinfection. Widespread apoptosis was observed in brain tissues in five out of six infected PCM mice, one of which is presented in Fig.  3 . The mice whose brain tissues had many TUNEL-positive cells exhibited neurologic symptoms after day 5 of infection, and all were in a moribound state on day 10 postinfection. Approximately 28% of brain cells (56 Ϯ 12/200 cells) in the sections from individual mice were TUNEL positive; such apoptotic cells were detected in the cerebellum, hippocampus, and brain stem samples from mice infected with Sm r N-9. In contrast, only a background level of apoptosis (4 Ϯ 2/200 cells; about 2%) was found in these areas of PCM mice inoculated with 2 ϫ 10 6 CFU of E. coli NP-4 and in those of wellnourished mice infected with the same dose of Sm r N-9. Cytotoxicity to HUVEC of Stx and cytokines. To explore the cooperation between Stx and inflammatory cytokines in causing cell damage to HUVEC, the effect of cytokines on the intracellular processing of fluorescein-labeled Stx2 was examined. HUVEC were incubated with the fluorescein-labeled toxin (100 ng/ml) in the presence or absence of TNF-␣ (20 U/ml), IL-1␤ (15 U/ml), or IL-6 (35 U/ml). As shown in Fig. 4 , only TNF-␣ at 20 U/ml decreased the intensity of fluorescence per cell during 24 h of incubation. But none of these cytokines altered the binding of Stx2 to the surface of HUVEC during the first 12 h of incubation, since the mean fluorescence intensity per cell at 12 h of incubation remained at the same level, irrespective of the cytokines used. Microscopic observation, however, showed that the fluorescence intensity varied with individual cells in each culture group during the first 12 h of incubation, suggesting heterogeneity of cultured HUVEC with respect to Stx binding (Fig. 5A) . Interestingly, the decrease in the fluorescence intensity of HUVEC cultured with Stx2 and TNF-␣ was associated with intracellular compartmentalization of the labeled toxin during the next 12 h of incubation (Fig. 5B) . In contrast, neither IL-1␤ nor IL-6 microscopically enhanced the intracellular compartmentalization of Stx2 in HUVEC (data not shown).
To determine the relationship between the enhanced intracellular compartmentalization of Stx2 and cell damage, TUNEL and LDH release assays were performed. A 48 hincubation of HUVEC with 100 ng of Stx2 per ml induced 12% Ϯ 5% TUNEL-positive cells, and incubation with TNF-␣ (20 U/ml) induced only 7% Ϯ 3% positive cells (Fig. 6) . However, simultaneous addition of Stx2 (100 ng/ml) and TNF-␣ (20 U/ml) to cultures of HUVEC resulted in about 47% Ϯ 6% of the cells becoming TUNEL positive. Agarose gel electrophoresis demonstrated the nucleosomal ladder pattern of DNA extracted from HUVEC incubated with Stx2 and TNF-␣ for 48 h (Fig. 7) , indicating that these TUNEL-positive cells underwent apoptosis. DNA preparations extracted from HUVEC treated with Stx2 alone or TNF-␣ alone presented less or no DNA fragmentation. Cytotoxicity as determined by the LDH release assay at 72 h of incubation was significantly increased (P Ͻ Table 1 ). In contrast, neither IL-1␤ (15 U/ml) nor IL-6 (35 U/ml) displayed the synergistic effect when added to HUVEC monolayers at the initiation of incubation with Stx2 (data not shown). An anti-TNF-␣ MAb (50 ng/ml) significantly reduced both apoptosis (P Ͻ 0.05) (Fig. 6 ) and cytotoxicity (P Ͻ 0.01) ( Table 1) caused by the synergistic effect of Stx2 and TNF-␣.
Twenty units of IL-10 also reduced both apoptosis (P Ͻ 0.05) (Fig. 6 ) and cytotoxicity (P Ͻ 0.01) ( Table 1) induced by Stx2 and TNF-␣, and its antiapoptotic activity was nearly comparable to that of anti-TNF-␣ MAb (50 ng/ml).
Relationship between Stx2 and TNF-␣ in induction of apoptosis in HUVEC. The relationship between Stx2 and TNF-␣ in induction of apoptosis in HUVEC was examined by systematically varying the order in which cells were exposed to each agent. HUVEC first exposed to Stx2, TNF-␣, or medium (for 6 h) and subsequently cultured with medium (for 42 h) manifested baseline levels of apoptosis only after 48 h of incubation (3.0 to 3.5%) ( Table 2 ). Cultures first exposed to TNF-␣ and then to Stx2 demonstrated apoptosis in about 43.8% of HUVEC, the level of which was nearly comparable to the magnitude of apoptosis in response to 48-h incubation after simultaneous addition of Stx2 and TNF-␣ (44.9% Ϯ 6.5%). In contrast, HUVEC first exposed to Stx2 manifested a significantly reduced apoptotic response to subsequent exposure to TNF-␣ (9.8% Ϯ 3.3%) (P Ͻ 0.01 compared to positive controls), the level of which was similar to that obtained with subsequent exposure to Stx2 (11.4% Ϯ 3.9%). In addition, initial were incubated with Oregon Green 488-labeled Stx2 (100 ng/ml) alone (ᮀ) or in the presence of TNF-␣ (20 U/ml) (s), IL-1␤, (15 U/ml) (u), or IL-6 (35 U/ml) (o). At 12 and 24 h of incubation, the cells were washed three times with PBS, 50 cells were randomly selected, and the fluorescence intensity of each cell was quantified with a computer-assisted fluorescence scanning confocal microscope. Data were obtained from three independent experiments, each performed in triplicate. Results are expressed as the mean Ϯ SD for nine determinants. Each bar represents SD. g, P Ͻ 0.01. exposure to Stx2 significantly (P Ͻ 0.01) suppressed the apoptotic response to subsequent exposure to Stx2 and TNF-␣ (14.9% Ϯ 4.8%) compared to cultures exposed first to medium and then to Stx2 and TNF-␣ (42.8% Ϯ 6.7%, positive controls). In contrast, initial exposure to TNF-␣ did not affect the apoptotic response of HUVEC subsequently incubated with Stx2 and TNF-␣ (46.7% Ϯ 5.9%).
DISCUSSION
Several investigators have shown that inflammatory cytokines, particularly TNF-␣ and IL-1␤, are capable of enhancing Stx toxicity to vascular endothelial cells expressing Gb3 (14, 18, 31, 34) . Isogai et al. (11) have reported that TNF-␣ in the tissue but not in the serum may contribute to the pathogenesis of brain damage caused by Stx. We attempted to identify Stx receptors in the mouse brain and also to examine how HUVEC are injured by the synergistic effect of inflammatory cytokines and Stx.
Although Stx has not been detected in sera of HUS patients, the toxin was measurable by EIA in the sera of PCM mice from days 3 through 5 after infection. Because of its molecular size, Stx must first damage the BBB in order to reach the CNS. This would possibly occur in the presence of TNF-␣ and/or IL-1␤ (18) . In this study, serum levels of TNF-␣ were increased in infected PCM mice before Stx was detected in the serum. Our preliminary study has shown that PCM mice manifest higher levels of TNF-␣ response after an injection of bacterial endotoxin than do well-nourished animals. Such an immunological disposition in PCM mice seems to account for the early production of TNF-␣ in the blood after infection.
Stx2 did not equally bind to cultured HUVEC in this study; the intensity of fluorescence microscopically varied with individual cells during 12 h of incubation. Obrig et al. (22) have reported that basal levels of Gb3 are approximately 50 times higher in human renal endothelial cells than in HUVEC. Moreover, HUVEC obtained from individual umbilical cords differ in their sensitivities to Shiga toxin (22) . Thus, the expression levels of Gb3 may differ among individual cultured HUVEC. Nevertheless, TNF-␣ rapidly decreased the fluorescence intensity of the cells. Stx bound to Gb3 has been shown to be taken up intracellularly through coated vesicles and transported in a retrograde manner to the endoplasmic reticulum via the trans-Golgi network (28) , and Stx is processed by a trypsin-like cleavage to generate A1 and A2 subunits for full expression of its cytotoxicity (5). Thus, both the decrease in fluorescence intensity and the increased intracellular compartmentalization of labeled Stx2 may result from the acceleration of intracellular processing of Stx2 by TNF-␣. Since the degree of cytotoxicity at 72 h almost paralleled that of apoptosis as determined by TUNEL assay at 48 h, death of HUVEC caused by Stx2 and TNF-␣ is likely to result mainly from apoptosis. This assumption is supported by the nucleosomal ladder pattern of DNA extracted from HUVEC stimulated with Stx2 and TNF-␣ for 48 h. IL-1␤ is also a potent stimulant for HUVEC to induce Gb3 expression (14, 18) , but such an effect is not apparent unless the cells are preincubated with IL-1␤ at least for 24 h before exposure to the toxin (14) .
In contrast, IL-10 reduced apoptosis in HUVEC cultured with Stx2 and TNF-␣. The reason why the present study dealt with IL-10 is that serum levels of IL-10 were elevated to a significant extent in HUS patients (21) . In fact, IL-10 levels were elevated in sera of infected PCM mice. However, IL-10 has a variety of biological activities, and its role in infection with E. coli O157:H7 remains to be determined.
Recently, endothelial cell apoptosis by TNF-␣ was shown to be enhanced by inhibitors of protein synthesis (25, 38) . Normally, TNF-␣ does not injure human endothelial cells, but it can cause apoptosis of the cells cocultured with either the protein synthesis inhibitor cycloheximide or the lipid mediator ceramide (24) . Moreover, TNF receptors are required for TNF-induced apoptosis in microvascular endothelial cells (19) . Taking these findings together, we hypothesized that Stx can potentiate TNF-␣-induced apoptosis in HUVEC, rather than TNF-␣ enhancing Stx cytotoxicity, since HUVEC are at least 10 6 -fold less susceptible to Stx than Vero cells (31) . In this study, short-term exposure of HUVEC to Stx significantly suppressed the apoptotic response to subsequent culture with TNF-␣. In contrast, initial exposure to TNF-␣ induced apoptosis in HUVEC during subsequent incubation with Stx, the level of which was comparable to that induced by 48-h continuous culture with these two agents. These results were consis- e a Simultaneous addition of Stx2 and TNF-␣ as a positive control resulted in 44.9 Ϯ 6.4% of HUVEC becoming TUNEL positive after 48 h of incubation.
b Not significant compared to HUVEC first exposed to Stx2 and subsequently cultured in Stx2.
c P Ͻ 0.01 compared to HUVEC first exposed to TNF-␣ and subsequently cultured in Stx2.
d P Ͻ 0.01 compared to HUVEC first exposed to TNF-␣ and subsequently cultured in Stx2.
e Not significant compared to positive controls. f P Ͻ 0.01 compared to HUVEC first exposed to medium and subsequently cultured in Stx2 and TNF-␣. tent with the report by Polunovsky et al. (25) showing the synergistic effect of TNF-␣ and cycloheximide on endothelial cells. Commitment to apoptosis in HUVEC by TNF-␣ therefore may be manifest only after subsequent inhibition of protein synthesis by Stx2. In addition, the present study has proved the hypothesis (18) that TNF treatment of HUVEC influences the uptake or activation of Stx. In fact, injury of HUVEC was completely blocked by an anti-TNF-␣ MAb. Moreover, the present findings are in agreement with the report (11) showing that a TNF-␣ inhibitor (protease inhibitor) reduced the pathological symptoms in mice after infection with Stx-producing E. coli O157:H7. Neutral glycolipid fraction of mouse brains contained Gb3 which was functionally active. Moreover, frozen sections of the brain from infected PCM mice contained higher numbers of TUNEL-positive cells compared to those from control PCM mice infected with a nonpathogenic E. coli strain. Although a TNF-␣ response in the blood was detected on day 2 of infection, circulating TNF-␣ normally does not enter the CNS unless the BBB is injured. Nevertheless, this cytokine was detected in brain tissues of infected PCM mice as early as 3 days after infection. At present, it is most probable that TNF-␣ enters the CNS through the BBB damaged by circulating TNF-␣ and Stx.
In conclusion, the rapid production of TNF-␣ after infection is crucial to the injury of vascular endothelial cells; TNF-␣ promotes the rapid intracellular activation of Stx, and in turn, activated Stx potentiates TNF-␣-induced apoptosis in the cells. In this synergistic action, the cells should be first exposed to TNF-␣. Such cell damage must be a prerequisite to the initiation of brain damage after infection with Stx-producing E. coli.
